In polymers, the electronic activation energy depends on the fragmentation, crosslinking, dopants, moisture and in general on the structure-environment interaction. This has a special importance in plasma polymers because fragmentation and crosslinking are usually higher than in other polymers. In this work, DC electrical conductivity of polythiophene thin films prepared by plasma (pPTh) was studied using the Meyer-Neldel (MN) rule to calculate the characteristic MN energy and temperature as a function of moisture and metallic dopants. The experimental data for pPTh synthesized in different conditions indicated that EM = 32 meV and T M = 373 K, suggesting a thermally activated conduction mechanism; however, in polymer-metal matrices with metal concentration higher than the percolation threshold, the conduction mechanism is different causing that the MN rule was only partially fulfilled. The congruence of the experimental data with the multiexcitation entropy model is discussed.
Introduction
The electrical conductivity of semiconductors and many other materials following thermally activated processes obeys exponential expressions similar to the Arrhenius equation, see Equation (1) where k is the Boltzmann constant, E a is the activation energy and σ o is a pre-exponential factor. In this expression, σ tends to σ o when T increases at high values. However, materials at high temperatures change to liquid or gas phases, or even more, they may degrade modifying σ o to a hypothetical conductivity if the material survive at high temperature. Considering multiple possibilities in these conditions, huge variations in σ o are observed. However, as σ o correlates with E a , in 1937 Meyer and Neldel proposed an empirical expression called the Meyer-Neldel (MN) rule [1] [2], see Equation (2) , where σ oo is another MN pre-exponential factor and E M = kT M is a characteristic energy (the MN energy) of the material at T M (the MN characteristic temperature). Similar expressions have been observed not only in conductivity but also in many other thermally activated phenomena. The MN rule is also found in literature as the compensation law and has been observed in crystalline, amorphous, organic and inorganic materials [3] [4] , but a physical interpretation of E M and σ oo is still not clear enough. (1)
Equation (3) is another expression of σ from Equations (1) and (2), where it is obvious that at T = T M , the electrical conductivity becomes σ oo . This implies a single crossing point for all lines in lnσ o vs 1/T plots at σ oo . However, in many experiments T M has been calculated beyond the thermal stability of materials and E a has been considered a function of intrinsic and extrinsic factors like chemical structure, doping, electric field across the sample, etc. [5] .
Several models have been proposed to explain the MN rule in materials with different external variables to influence the thermally activated conductivity [6] . For example, in amorphous semiconductors, conductivity has been explained by means of short-range interactions of the electronic bonding orbitals, instead of a band edge as in crystals [2] . The Arrhenius equation has been also used widely to describe the electrical conductivity of organic films formed by plasma, particularly in thin polymeric films [7] . Pinto [8] explained the semiconductor behavior using an inhomogeneous disordered metallic model, called metallic islands, where the material is composed of crystalline regions, islands, surrounded by disordered regions in which the charge transport between islands defines the macroscopic conductivity.
In semiconductor polymers synthesized by plasma, it has been observed that the structure and properties are highly sensitive to the energy distribution in the reactor during the synthesis. Thus, both depends on one hand on the synthesis conditions as pressure in the reactor, power applied, monomer flow, gas carrier, etc., which influence the structure of materials [9] and on the other hand on external, extrinsic factors, as moisture, temperature, interaction with light, electrical field, etc. In this way, the movement of charge carriers through intermolecular barriers in a polymer synthesized by plasma becomes a multivariable function of thermally activated conduction mechanisms associated with intrinsic and extrinsic factors.
In this study, DC electrical conductivity of polythiophene thin films synthesized by plasma is studied using the Meyer-Neldel rule to find E M and T M with intrinsic factors and moisture as the principal external factor of a multiple thermally activated conduction mechanism. Conductivity was measured by the two-probe method in heating-cooling cycles. The structure of the polymeric films was characterized using X-ray diffraction.
Experimental
Thin films of pPTh were synthesized by rf glow discharges with thiophene (Fluka, 98%) in vapor phase in a glass cylindrical reactor at 13.56 MHz, 10 W and 7 × 10 −2 mbar with synthesis times of 150, 240 and 300 min [10] . The reactor is 21 cm long and 9 cm diameter with two stainless steel flanges and two flat electrodes of 6 cm diameter. The flanges were maintained at the same electrical potential as the electrodes. The pPTh films were formed on the inner reactor walls and removed swelling them with acetone and distilled water. The thickness of films was measured with a Mitutoyo micrometer.
The structure of pPTh was studied by X-ray diffraction (XRD) with data collected from 5˚ to 60˚ 2θ in a Siemens D5000 diffractometer. The electric conductivity of pPTh was calculated measuring the resistance in a capacitive arrangement with pPTh films between copper electrodes using an OTTO MX620 Digital Multimeter and a High Impedance Analog Multimeter in a temperature range from 25˚C to 100˚C. In order to study the moisture effect on the conductivity, each sample was analyzed applying four heating-cooling cycles, with steps of 1˚C and 1 min/step (approximately). In each cycle, the samples were slowly heated up to 100˚C, and later they were left at the atmosphere until the room temperature was reached. After that, another cycle started again.
Due to the plasma energy distribution between electrodes, the reactor has different energetic zones [9] - [11] , however, the most representative are those from the central zone, which are studied in this work. In order to compare the electrical conductivity of pPTh with other plasma polythiophene compounds, polymer-metal composites of pPTh, Ag and Cu, PTh-Ag-Cu, were synthesized as described in [12] with metal concentration values, x, from 0 to 0.8. All samples are stable in the normal air atmosphere.
Results
pPTh is mainly an amorphous material with some little evidence of ordered zones, a maximum of 6%, calculated following the method described by M. Kakudo [13] based in the intensity of diffraction near 12˚ (see Figure 1) . The evolution of diffraction patterns indicates that in general terms, the ordered zones increase in pPTh as the synthesis time grows. In a model with metallic islands surrounded by insulating barriers, a material with better structural order could enhance their electrical conductivity as the model suggest by Pinto [8] . In pPTh, conductivity obeys the Arrhenius equation (see Figure 2 and Figure 3) , in an interval of almost three orders of magnitude. However, conductivity shows no evident correlation with ordered structures or synthesis time to apply a crystalline islands model.
Considering the external factors in conductivity, the polymer films of this work absorb moisture from the atmosphere which is partially lost and reabsorbed in the heating-cooling cycles applied to study conductivity. Figures 2(a)-(c) show typical Arrhenius plots of pPTh synthesized at 150, 240 and 300 min. The filled and unfilled symbols belong to cooling and heating cycles, respectively. Higher conductivities correspond to the first heating cycles. Figure 2(d) shows the Arrhenius behavior for all synthesis times of the last cooling cycles, in which only the remaining humidity is present.
A characteristic of polymers synthesized by plasma is partial fragmentation and crosslinking caused by the frequent collisions of energetic plasma particles. Fragmentation produces short paths of electric charges in the structure which results in low conductivity. On the opposite, crosslinking increases the structural stiffness resulting, among other effects, in a slight increase of the electric conductivity, mainly because the new paths of charges created in the resulting network. As both, fragmentation and cross inking produce opposite effects; the final conductivity of the polymer depends on their balance.
Moisture absorbed in polymers enhances the electric conductivity due to the contribution of water in the transference of charges which is added to the intrinsic conduction mechanisms due to the chemical structure. In networked polymers, moisture swells the material filling the voids with water polar molecules which excite the nearest atoms modifying considerably E a , as can be observed in the slopes of Arrhenius plots. However, as the content of moisture reduces, conductivity and E a tends to that of the intrinsic material, as can be seen in the crosslinked polymers without absorbed moisture, shown in Figure 2(d) . In the final heating-cooling cycle the polymers show a more linear behavior and higher E a than the first cycles.
E a and σ o can be obtained from the linear fits in Figure 2 . The data show variation of E a , from 0.45 to 1.59 eV. lnσ o vs E a data are plotted at different synthesis times corresponding to samples in the heating-cooling cycles for all reactor zones, see Figure 3(a) . Values corresponding to the first heating and the last cooling cycles in all synthesis times are plotted in Figure 3(b) . No correlation is observed between synthesis times and humidity with E M .
From the linear fits of plots similar to the presented in Figure 3(a) , but including all the synthesis times and reactor zones, a mean MN characteristic energy E M = 32 meV was obtained. This value is in the expected range for semiconductors, between 25 meV and 100 meV [1] , and corresponds to a mean T M = 373 K which was inside the temperature range studied in this work.
Discussion
Several attempts have been realized to identify the main variables of the MN rule. For example, in amorphous silicon, the rule has been attributed to the temperature dependence of Fermi energy and to the diminution of the band gap with increases of temperature [14] . Widenhorn [15] and coworkers propose that the MN rule arises for a thermally activated property when both, intrinsic and extrinsic processes involving impurities, contribute. In this case the property is considered the sum of two thermally activated mechanisms which can cause a spread in the effective activation energy. Fishchuk and coworkers [16] used the effective medium approximation (EMA) applied to disordered organic semiconductors finding that the MN rule is a consequence of hopping transport in a random system with variable carrier concentration. In this work, structural factors such as crystallinity, fragmentation and crosslinking are considered intrinsic and moisture was considered the only extrinsic factor. However, although moisture contributes in a substantial way in the spread of the activation energy, a considerable change in E M is not observed. It is clear from these results that multiple factors modify the electrical conductivity. Because the MN rule has been observed in many phenomena and many different materials, crystalline and amorphous, the more general model to explain the results is perhaps the multi-excitation entropy (MEE) model, discussed by Yelon and coworkers [3] . The MEE model is based in the statement that when a large number of excitations must be collected in order to overcome a barrier, there are a large number of ways in which can be done and a large entropy of activation can be associated. From the revision made by Yelon, the MN rule is observed when the activation energy is larger than both, the energies of excitations, normally infrared vibrations or phonons, and kT, both conditions are fulfilled by p-PTh thin films of this work.
In order to apply the MEE model with the experimental data of this work, in Figure 4 lnσ o vs E a plots for pPTh-Ag-Cu composites are presented. When the metal volume fraction, (x), is lower than the percolation threshold fraction (x c ), the electrical conductivity of PTh-Ag-Cu was thermally activated, similar to the pPTh conductivity. Very linear behaviour of lnσ vs 1/T was observed [14] for all metal concentrations. However, high x values results in metallic conductivity, decreasing the activation energy, which breaks the thermally activated conduction mechanism, producing that the MN rule is not fulfilled in the complete range. This is because another conduction mechanism appears at x ≥ x c that is much more effective than the thermally activated mechanism. However, if both mechanisms could be treated separately, the MN rule could be applied in different ways in both, although more data would be needed in this study. But even Merlo and Frisbie, [17] in a study of field effect transistors, report basically the same E M , 33 ± 3 eV, in regioregular poly (3-hexylthiophene) nanofibres. It has been found crystallinity in the structure of nanofibres with polymer chains packed in lamellar sheets. Regardless of the charge transport mechanism used to explain the conductivity, or the very different structures, the MEE model proposes that E M is on the order of the excitation energy which must be collected by the material to permit activation. In these cases, Yelon refers to the system as strongly-coupled with the thermodynamic behavior, and the MEE model is agree with the experimental evidences.
Conclusion
The electrical conductivity of plasma polythiophenes as a function of moisture, temperature and metallic dopants was studied from a Meyer-Neldel rule perspective. Two thermally activated processes could be associated with the MN rule: one structural, such as fragmentation, crosslinking and crystallinity and another external, as interaction with moisture. The MN rule was observed for pPTh, independently of the absorbed humidity with a characteristic energy, E M = 32 meV and a characteristic temperature, T M = 373 K. However, metals in polymer matrices beyond the percolation limit break the thermally activated conduction mechanisms which govern the pPTh conductivity, producing that the MN rule is only partially fulfilled. A reasonable explanation of the pPTh conductivity is provided by the multi-excitation entropy model which is congruent with the experimental observations in this work.
